Abstract Pharyngostrongylus thylogale n. sp. (Nematoda: Strongylida) is described from the stomach of the red-legged pademelon, Thylogale stigmatica (Gould) (Marsupialia: Macropodidae) from northeastern Queensland and Papua New Guinea, having formerly been confused with P. iota Johnston & Mawson, 1939. Pharyngostrongylus thylogale n. sp. differs from all congeners in having 12 labial crown elements rather than eight or 16. Pharyngostrongylus iota was found in T. stigmatica, but only in southern Queensland and northern New South Wales, in the subspecies T. s. wilcoxi, compared with P. thylogale n. sp. which was found in T. s. stigmatica in northern Queensland and T. s. oriomo in Papua New Guinea. Differences in the sequences of the first and second internal transcribed spacers (ITS-1 and ITS-2) of the nuclear ribosomal DNA of P. thylogale n. sp. and ten congeners support the erection of the new species, and the validity of the morphospecies examined. However, results of the phylogenetic analyses of the molecular data also provide evidence for the existence of cryptic species within P. kappa Mawson, 1965. No obvious co-evolutionary relationships were observed between parasite species and their macropodid marsupial hosts.
Introduction
The cloacinine nematode genus Pharyngostrongylus Yorke & Maplestone, 1926 is frequently represented in the complex helminth communities found in the sacculated fore-stomachs of macropodid marsupials (Spratt & Beveridge, 2016) . Morphologically, the genus is characterised by an elongated, striated buccal capsule and an elongated oesophagus with anterior extensions of the intestine enveloping the oesophageal bulb (Beveridge, 1982) . In a revision of the genus, Beveridge (1982) recognised 13 valid species based on morphological characteristics. Recent unpublished molecular studies have suggested that P. iota Johnston & Mawson, 1939 reported by Beveridge (1982) and Griffith et al. (2000) represents two different species. As a consequence, all available specimens of P. iota were re-examined morphologically and comparisons made with molecular data resulting in the recognition of an additional species within the genus. The results of this molecular and morphological investigation are presented here.
Materials and methods

Morphological studies
All specimens of P. iota held in the collections of the South Australian Museum, Adelaide (SAM) were re-examined. Nematodes were cleared in lactophenol. Drawings were made with the aid of a drawing tube attached to a light microscope (Olympus BH-2). Measurements are presented in millimetres as the range followed, in parentheses, by the mean and the number of specimens measured. Types of the new species have been deposited in SAM. Terminology of oral structures follows Beveridge (1982) .
Molecular studies
The DNA sequences of the first and second internal transcribed spacers of the nuclear ribosomal DNA (ITS-1 and ITS-2, respectively) from P. iota were compared with sequence data obtained from as many congeners as possible. Nematodes from kangaroos and wallabies (Table 1) were collected from fresh roadkills or from road-kills frozen prior to examination for parasites. Nematodes were washed in saline and then frozen in liquid nitrogen and stored at -80°C prior to examination.
Frozen nematodes were thawed, the head and tail from each specimen were removed, fixed in lactophenol and mounted permanently in polyvinyl lactophenol as voucher specimens, with the mid-body region being used for genetic analyses. Nematodes were identified following Beveridge (1982) . Voucher specimens have been deposited in the SAM (Table 1) . Host nomenclature follows that of van Dyck & Strahan (2008) .
Genomic DNA was isolated from the mid-body region of each nematode using a small-scale sodiumdodecyl-sulphate/proteinase K extraction procedure (Gasser et al., 1993) , followed by purification using a mini-column (Wizard TM Clean-Up, Promega, Madison, Wisconsin, USA). The region comprising the ITS-1, 5.8S rRNA gene, ITS-2 and flanking sequences (=ITS?) was amplified by the polymerase chain reaction (PCR) (Saiki et al., 1988) using primers NC16 (forward; 5 0 -AGT TCA ATC GCA ATG GCT T-3 0 ) and NC2 (reverse; 5 0 -TTA GTT TCT TTT CCT CCG CT-3 0 ). PCR was performed in a 50 ll volume for 30 cycles at 94°C for 30 s (denaturation), 55°C for 30 s (annealing) and 72°C for 30 s (extension), followed by one cycle at 72°C for 5 min (final extension). Negative (no-DNA) controls were included in each set of reactions. Amplicons were purified using mini-columns (using Wizard TM PCRPreps, Promega), and the ITS-1 and ITS-2 sequenced in both directions using the same primers (separately) as used for PCR.
Phylogenetic relationships of taxa were inferred using Bayesian Inference (BI), Neighbour-joining (NJ) and Maximum Parsimony (MP) analyses of the aligned ITS? sequences data. Sequences were aligned by eye. The BI analysis was conducted using the Monte Carlo Markov Chain method in the program MrBayes v.3.2.2 (Ronquist & Huelsenbeck, 2003) . The likelihood parameters set for the BI analysis of sequence data were based on the Akaike Information Criteria test in jModeltest v.2.1.5 (Posada, 2008) . The number of substitutions was set at 6, with a gammadistribution. Posterior probability (pp) values were calculated by running 2,000,000 generations with four simultaneous tree-building chains. Trees were saved every 100th generation. At the end of each run, the standard deviation of split frequencies was\0.01, and the potential scale reduction factor approached one. For each analysis, a 50%-majority rule consensus tree was constructed based on the final 75% of trees produced by BI. Analyses were run three times to ensure convergence and insensitivity to priors. The NJ and MP analyses were conducted using the program PAUP* 4.0b10 (Swofford, 1999) . For the MP analyses, heuristic searches were carried out with random addition of sequences (n = 100), tree-bisection-reconstruction (TBR) branch swapping, the MulTrees option in effect, MaxTrees set at 2,000 and saving all equally parsimonious trees. Characters were treated as unordered and were weighted equally. Alignment gaps were treated as a fifth character state in the MP analyses. Bootstrap analyses (1,000 replicates) were conducted in the MP and NJ analyses to determine the relative support for clades in the consensus trees, with nodal support expressed as a percentage. The ITS? sequence of Cloacina ernabella Johnston & Mawson, 1938 (GenBank accession no. FM992598) was used as the outgroup in the analyses because this nematode species belongs to a related tribe (Cloacininea) within the Cloacininae (see Lichtenfels, 1980 ). Pairwise comparisons of the level of sequence differences (D) were calculated using the formula D = (M*100)/ L, where M is the number of alignment positions where the two taxa do not share a nucleotide in common and L is the number of alignment positions over which the two taxa are compared.
The parasite phylogeny was compared with a molecular phylogeny of the hosts based primarily on Meredith et al. (2008) . As there is no comprehensive molecular phylogeny for the Macropodidae, any taxa missing from the latter study were interpolated based on the comprehensive data set of Cardillo et al. (2004) . Only clades of Macropodidae known to be principal hosts of species of Pharyngostrongylus were included in the host phylogeny. Consequently, some species are included (Macropus irma (Jourdan), Wallabia bicolor General. Small, straight nematodes; body covered with numerous, fine, transverse annulations. Cephalic collar demarcated posteriorly by prominent transverse suture; collar bearing 2 lateral amphids and 4 submedian cephalic papillae; cephalic papillae conical with short, paired, inwardly-directed setae. Labial crown of 12 sub-equal, petaloid elements present internal to cephalic collar; labial crown continuous with cephalic collar externally, with lining of buccal capsule internally. Buccal capsule and mouth opening sub-circular or extended slightly laterally in apical view; buccal capsule much longer than wide, sinuous, prominently sclerotised, with fine, undulating transverse striations; anterior-most portion of buccal capsule lacking striations; buccal capsule extending anteriorly to level of cephalic collar; extra-chitinous supports absent; dorsal wall of capsule longer than ventral wall, with ventral, flap-like structure projecting into buccal capsule from anterior end of oesophagus. Oesophagus elongate; corpus long and slender; isthmus inconspicuous; bulb elongate, clavate; dorsal and ventral projections from anterior end of intestine extend just anterior to level of bulb. Deirids in region of buccal capsule. Nerve-ring in anterior oesophageal region. Excretory pore immediately posterior to nerve-ring.
Male (description based on 5 specimens). Length 6.30-8.65 (7.78, n = 5); maximum width 0.37-0.44 (0.42, n = 5); buccal capsule 0.110-0.130 (0.122, n = 5) long, 0.025-0.040 (0.031, n = 5) wide; oesophagus 1.60-1.84 (1.70, n = 5) long; nerve-ring 0.36-0.44 (0.40, n = 5) from anterior end; excretory pore 0.40-0.70 (0.61, n = 4) from anterior end; deirid 0.10-0.12 (0.11, n = 4) from anterior end. Bursa short, lobes distinct, sub-equal in length; dorsal lobe with median indentation in margin. Lateral lobe and lateral aspect of ventral lobe with crenulated margins bearing fine, radially-directed striae close to margin; striae absent from ventral margin of ventral lobe and from dorsal lobe; numerous small bosses on internal surface of bursa extending from origin of lateral trunk distally to meet marginal striae; bosses extending dorsally to midway between lateral trunk and externodorsal ray. Ventro-ventral and ventro-lateral rays, slender, apposed, reaching margin of bursa; posterolateral and mediolateral rays apposed, reaching margin of bursa; externo-lateral ray divergent, not reaching margin of bursa. Externo-dorsal ray slender, arising from lateral trunk, not reaching margin of bursa. Dorsal ray stout at origin, dividing at one quarter of length; short lateral branchlets arising at or posterior to major division, terminate in conical projections on internal surface of bursa; main branches of dorsal ray arcuate, slender, almost reaching margin of bursa. Genital cone prominent; ventral lip conical with terminal papilla; dorsal lip with paired doliiform papillae. Spicules elongate, simple, alate; anterior extremities irregularly knobbed; posterior extremities blunt, apposed when everted; alae diminishing in size gradually towards distal spicule tips; spicules 2.4-2.8 (2.6, n = 4) mm long. Gubernaculum sub-cordate in dorso-ventral view, 0.025-0.040 (0.032, n = 3) long. The geographical distribution of the new species is shown in Fig. 13 .
In addition to the new species described above, ITS? sequence data were obtained from the congeners P. Beveridge, 1982 , for genetic studies as these species occur in hosts which are uncommon (P. diversus) or occur at remote localities (P. dendrolagi).
The length of the ITS? region, excluding flanking regions was 746-789 bp for all taxa within the genus Pharyngostrongylus ( Table 2 ). The length of the ITS-1 sequences ranged from 375 bp (P. macropodis) to 397 bp (P. eta specimens F115 and F116), whereas the ITS-2 sequences were much shorter, ranging from 217 bp (P. thyogale n. sp.) to 239 bp (P. eta specimens F115 and F116). The length (153 bp) and nucleotide sequence of the 5.8S rRNA gene was the same for all taxa within the genus Pharyngostrongylus. Specimens of P. macropodis from M. agilis and M. parryi were identical in their ITS-1 sequence and are not shown Fig. 13 Map of the east coast of Australia and Papua New Guinea showing the distribution of the subspecies of Thylogale stigmatica and the locations of hosts examined. Closed circles represent specimens of Pharyngostrongylus thylogale n. sp., open circles represent sites at which hosts were collected but P. thylogale and Pharyngostrongylus iota were absent. Closed squares represent sites at which P. iota was collected. The space between the distributions of T. s. stigmatica and T. s. wilcoxi is the so-called ''Burdekin Gap'' referred to in the text separately on the phylogenetic tree. The same applies to the two specimens of P. ornatus collected from M. parryi at separate localities because they had identical ITS? sequences. In contrast, nucleotide variation in the ITS-1 and/or ITS-2 sequences was detected among multiple individuals of four morphospecies (P. kappa, P. lambda, P. eta and P. iota). Furthermore, each morphospecies, including the new species (P. thylogale n. sp.), had different ITS? sequences.
The concatenated ITS-1 and ITS-2 sequences were aligned over 674 positions (408 for ITS-1 and 265 for ITS-2), 141 of which were informative in the MP analysis. The topology of the strict consensus tree of the MP analysis (not shown), based on 26 equally most parsimonious trees (tree length = 403, consistency index excluding uninformative characters = 0.70, and retention index = 0.80), was very similar to that produced from the BI (Fig. 14) and the NJ analyses (Fig. 15) . There was absolute support (pp = 1.0 in the BI analysis and bootstrap values of 100% in the NJ and MP analyses) for monophyletic assemblages of three of the four species (P. lambda, P. eta and P. iota) for which DNA sequences were obtained from multiple specimens. In contrast, there was no support for P. kappa from M. giganteus Shaw or M. robustus Gould from different geographical regions forming a monophyletic assemblage in either the BI or the NJ trees. The number of nucleotide differences in ITS? sequence among specimens of P. kappa collected from different hosts or geographical regions of Australia (i.e. 7-10 for the ITS-1 and 6-8 for the ITS-2) were similar (i.e. 7-12 for the ITS-1 and 7-10 for the ITS-2) when the ITS? sequence of each specimen was compared to that of the morphologically distinct species, P. papillatus (Table 2 ). In the NJ tree (Fig. 15) , P. kappa specimens from M. robustus (Queensland and the Northern Territory) formed a clade together with P. papillatus, to the exclusion of P. kappa from M. giganteus, whereas in the BI tree (Fig. 14) , P. kappa from M. giganteus and those collected from M. robustus in Queensland and the Northern Territory each represented a distinct lineage. Variable nucleotide positions in these sequences are shown in Fig. 16 .
Specimens of P. eta from M. rufogriseus (Desmarest) from two different states, New South Wales and Tasmania differed slightly genetically but formed a well-supported clade. The new species, P. thylogale n. sp. proved to be distinct genetically, supporting the current morphological observations but differed in its position in the NJ and BI trees (Figs. 14, 15 ). In the BI tree, P. thylogale n. sp. clustered with P. kappa, although with poor support (Fig. 14) , while in the NJ tree it was the basal taxon, again with poor support (Fig. 15) . There was no obvious co-evolutionary association between hosts and parasites (Fig. 15) .
Discussion
Some of the specimens described in this study as a new species, P. thylogale n. sp., were initially identified as P. iota by Beveridge (1982) , Beveridge et al. (1992) and Griffith et al. (2000) . Although they resemble P. iota in having a buccal capsule with very fine striations, they differ from this species in having a sinuous buccal capsule with a posterior, ventral 'flap' extending from the oesophagus and in having bosses on the internal surface of the bursa (which are absent in P. iota). The new species differs from all congeners in having 12 rather than eight or 16 elements in the labial crown. This is a unique arrangement of the labial crown elements within the genus. In this case, there are three rather than two elements subtended between the cephalic papillae, the latter being the pattern seen in remaining congeners. The only other taxon within the tribe Pharyngostrongylinea Popova, 1952 with twelve labial elements is Spirostrongylus Yorke & Maplestone, 1926, although in this case, they are not petalloid (Beveridge, 1982) . The only other species within Pharyngostrongylus with an asymmetrical, sinuous buccal capsule and a posterior 'flap' are P. dendrolagi, P. macropodis and P. sharmani However, the specimens described above differ from these species in the following characters: from P. dendrolagi and P. sharmani in lacking lobed tips to labial crown elements and from P. macropodis in the faint (P. thylogale) compared with the prominent striations (P. macropodis) of the buccal capsule as well as the presence of a single 'flap' at the base of the buccal capsule in P. thylogale compared with paired 'flaps' in P. macropodis. As a consequence, the specimens described here represent a new species within the genus. The molecular data indicate that each of the currently recognised morphospecies included in this study, as well as the new species, P. thylogale, is genetically distinct from one another, thereby providing support for earlier taxonomic decisions currently based on morphology alone.
Pharyngostrongylus iota also occurs in T. stigmatica, as confirmed by the comparative material included in this study, but only from southern Queensland and northern New South Wales, where T. stigmatica is sympatric with T. thetis, an additional host of P. iota (Fig. 13) . All of the current Australian records of P. thylogale are from T. s. stigmatica in northern Queensland north of the so-called ''Burdekin Gap'', a broad area of countryside bounding the Burdekin River, which is unsuitable habitat for T. stigmatica (Gould), and separates T. s. stigmatica from the southern subspecies T. s. wilcoxi (Fig. 13) . No parasites have been collected from the subspecies from Cape York T.s. coxenii. Although the ''Burdekin Gap'' supposedly separates T. s. stigmatica from the southern subspecies, T. s. wilcoxi, Eldridge et al. (2011) found little genetic evidence to support this taxonomic arrangement. Griffith et al. (2000) also found no evidence of differences in helminth parasite communities in T. stigmatica north and south of the ''Burdekin Gap''. The finding here of P. thylogale north of the ''Burdekin Gap'' and its lack of occurrence to the south (Griffith et al., 2000) would be the only parasitological evidence so far of a distinction between these two populations of pademelons. However, P. thylogale and P. iota occurred in very low numbers in all of the pademelons examined (Griffith et al., 2000) ; therefore it is possible that more intensive P. thylogale n. sp. sampling could reveal a wider distribution of P. thylogale.
The type-host of P. iota is the red-necked wallaby, Macropus rufogriseus, although P. iota has not been collected from this host since its original description (Beveridge, 1982) . Griffith et al. (2000) suggested that there had been confusion in host nomenclature between the red-necked wallaby (M. rufogriseus) and the red-necked pademelon (T. thetis (Lesson)) and that the correct type host of P. iota was probably T. thetis.
A number of species of Pharyngostrongylus are apparently host-specific, while others may have a relatively wide host range (Beveridge, 1982) . The absence of fixed genetic differences in the ITS? sequences among specimens of P. lambda from three species of kangaroo, M. giganteus, M. rufus and M. robustus, confirms that they belong to a single species. This result supports ecological observations that the nematode occurs in all three host species in areas of host sympatry (Beveridge et al., 1998; unpublished observations for M. rufus). Likewise, P. macropodis is primarily a parasite of M. agilis, but occurs in M. parryi in areas of host sympatry, as well as in a variety of other sympatric host species (e.g., P. kappa, P. lambda and P. macropodis in species of Petrogale Gray [rock wallabies]; P. macropodis in M. robustus) albeit at a low prevalence and/or abundance (Beveridge et al., 1989 (Beveridge et al., , 1998 . In this study, only material from M. agilis (Gould) (the type-host) and M. parryi Bennett was available for examination. However, the data suggest that this is a single species with a potentially wide range of accidental host species, all sympatric with M. agilis.
By contrast, the phylogenetic analyses of the molecular data strongly support the hypothesis that P. kappa represents a species complex. Specimens of P. kappa from M. giganteus (the type-host) and M. robustus were genetically distinct. Furthermore, specimens in different subspecies of M. robustus collected from Edith River in the Northern Territory (M. robustus woodwardi) and from Warrawee Station in Queensland (M. robustus robustus) did not form a well-supported monophyletic assemblage in either the BI or NJ analyses. However, additional samples from these hosts and geographical areas are needed to test the hypothesis. In addition, P. kappa has also been found occasionally in Petrogale spp. (Beveridge et al., 1989) , and on one occasion in M. fuliginosus (Desmarest) (in an area of sympatry with M. giganteus) (Aussavy et al., 2011) . Molecular analyses would need to include sequence data of specimens from these hosts to define the host ranges of the various putative cryptic species within the P. kappa morphospecies. The finding of genetic differences within P. kappa was entirely unexpected and supports the contention of Beveridge & Gasser (2014) that the occurrence of cryptic species within cloacinine nematode taxa is largely unpredictable.
There were no obvious instances of co-speciation between the parasites and their hosts (Fig. 15) , with nematode species examined scattered across the genera and subgenera Thylogale Grey, Macropus (Macropus) Shaw, M. (Osphranter) Gould and M. (Notamacropus) Dawson & Flannery, 1985 . For example, P. iota, P. thylogale and P. setosus, all parasitic in species of Thylogale did not form a monophyletic group, while P. eta, P. gamma, P. macropodis and P. ornatus, parasitic in species of M. (Notamacropus) likewise did not form a monophyletic assemblage. Pharyngostrongylus kappa and P. lambda both occurred in species of M. (Macropus) as well as in M. (Osphranter). Also significant are the species of hosts within these clades (M. irma, M. fuliginosus, W. bicolor and T. billardierii) which are not parasitised by species of Pharyngostrongylus (Spratt & Beveridge, 2016) .
The molecular phylogenetic tree presented here differs significantly from that published previously based on morphological data (Beveridge & Chilton, 2001 ). In the morphological phylogeny, species of Pharyngostrongylus parasitising Thylogale spp. formed a clade to the exclusion of species parasitising Macropus spp., suggesting some degree of co-evolution. The current molecular phylogeny of the parasites places P. thylogale in variable positions within the BI and NJ trees. However, in both trees, it is distinct from congeners (P. iota, P. setosus) found in Thylogale spp. Also implied is that the other species of Pharyngostrongylus in Thylogale spp. (P. iota, P. setosus) are re-invasions from taxa belonging to Macropus, rather than a co-evolutionary relationship suggested by the morphological data of Beveridge & Chilton (2001) . Nevertheless, the overall conclusion drawn from the morphological study was that the parasite genus had evolved primarily by host switching. The differences between the morphological and molecular phylogenies can probably be explained by the very low rescaled consistency index (0.27) of the morphological phylogeny. In spite of the differences between the molecular and the morphological phylogenetic trees, both sets of data support the tentative hypothesis that evolution within this genus has occurred primarily by host switching (Beveridge & Chilton, 2001 ). Additional species needed to be added to the molecular phylogeny before any firm conclusions can be drawn.
